deep TWI presents on ECG, the operator would be well-advised to concentrate some added attention on the apical region to investigate for apical HCM.
Myocardial fibrosis in patients with HCM is associated with ventricular tachycardia and heart failure (Konno et al., 2015) . Myocardial fibrosis is commonly identified using cardiac magnetic resonance (CMR) imaging; however, CMR has limited availability in developing countries and other low resource settings. In addition to the high cost of CMR, the images must be interpreted by a specialist.
Fragmented QRS complex (fQRS) from a 12-lead ECG was shown to be associated with myocardial fibrosis with a sensitivity and specificity of 40% and 80%, respectively (Konno et al., 2015) . The ability to identify myocardial fibrosis and apical HCM by 12-lead ECG would lower the cost of investigation and diagnosis and would give patients in low resource settings access to a diagnostic modality that can diagnose these conditions. Accordingly, the aims of this study were to investigate association between deep TWI and apical HCM, and between fQRS complex and myocardial fibrosis in patients with HCM.
| ME THODS

| Population
This retrospective study included patients with a diagnosis of HCM that underwent both CMR and 12-lead ECG at the Division Hypertrophic cardiomyopathy by CMR was defined as any wall segment thickness >15 mm that could not be solely explained by abnormal loading condition. Patients having one or more of the following were excluded: (a) ECG patterns that could adversely influence interpretation (Das et al., 2008; Guo, Li, Xu, Tang, & Li, 2012) , such as Wolff-Parkinson-White syndrome; (b) myocarditis; (c) congenital heart disease; and/or, (d) ventricular paced rhythm.
| Electrocardiography
All patients underwent 12-lead ECG (GE MAC 1200; GE Marquette Medical Systems, Milwaukee, WI, USA) at rest in the supine position with the machine adjusted to the following settings: 40 Hz, 50 Hz, 25 mm/s, and 10 mm/mV.
| Cardiac magnetic resonance protocol
All patients underwent CMR on a Philips Gyroscan NT Intera 1.5
Tesla scanner (Philips Medical Systems, Best, the Netherlands) for assessment of cardiac structure, function, and late gadolinium enhancement (LGE) images after 10 min of intravenous administration of gadolinium-DTPA (diethylenetriamine penta-acetic acid) (0.15 mmol/kg).
The CMR parameters for functional images were 8 mm slice thickness, 70 degree flip angle, repetition time/echo time/number of excitations (TR/TE/NEX) = 3.7/1.8/2, 390 × 312 mm field of view, 256 × 240 matrix, and 1.52 × 1.3 reconstruction pixel. The parameters for LGE images were 3D segmented-gradient-echo inversionrecovery sequence with 8 mm slice thickness, 15 degree flip angle, 1.5 SENSitivity Encoding (SENSE) factor, TR/TE = 4.1/1.25 ms, 303 × 384 mm field of view, 240 × 256 matrix, and 1.26 × 1.5 mm reconstruction pixel.
| Analysis of ECG
The following ECG parameters were collected: QRS voltage, QRS duration, QRS axis, T-wave axis, and QTc interval. The following criteria for left ventricular hypertrophy were assessed: Sokolow-Lyon criteria (S in V 1 + R in V 5 or V 6 >3.5 mV or R in V 5 or V 6 >2.6 mV) (Sokolow F I G U R E 1 Deep T-wave inversion (TWI) in lead V 6 in patients with apical hypertrophic cardiomyopathy (HCM) F I G U R E 2 Fragmented QRS (fQRS) complex in patients with a QRS complex duration <120 msec: (a) additional R wave; (b) notching in nadir of S wave; and, (c) equal or more than one deflection in R prime & Lyon, 1949), Cornell voltage criteria (R in aVL + S in V 3 > 2.0 mV in female and >2.8 mV in male) (Casale et al., 1985) , and Cornell product criteria (the product of QRS duration times the Cornell voltage combination with 0.6 mV added in women >244 mV × msec (Molloy, Okin, Devereux, & Kligfield, 1992) .
Deep TWI was defined as more than 10 mV of negative T-wave amplitude in at least one lead in any wall segment (Figure 1) (Elliott et al., 2014) . fQRS complex (Konno et al., 2015) was defined, as follows: 2.1 RSR′ with equal or more than 2 R′ deflection (Figure 3a) 2.2 Equal or more than two notches in R wave (Figure 3b) 2.3 Notch in down stroke or upstroke of S wave in two contiguous leads (Figure 3c ). fQRS complexes in more than two leads in the same wall segment (V 1-4 = anterior wall segment; V 5 , V 6 , and aVL = lateral wall segment; and, II, III, and aVF = inferior wall segment) were defined as fQRS complexes. Patients having one of the following on CMR were diagnosed with apical HCM:
| CMR analysis
1. Apical LV thickness >15 mm that cannot be solely explained by abnormal loading condition or flow-limiting coronary artery disease (Helmy et al., 2011) ; or, 2. Ratio of maximal apical part to maximal posterior part that is >1.5 (Eriksson et al., 2002) that cannot be solely explained by abnormal loading condition or flow-limiting coronary artery disease.
Cardiac magnetic resonance LGE images were used to identify myocardial fibrosis; (Elliott et al., 2014; Konno et al., 2015) .
Myocardial fibrosis was diagnosed by the presence of the area with hyperintense signal which was evaluated the visual assessment of two cardiologists. Disagreements in interpretation were resolved by F I G U R E 3 Fragmented QRS (fQRS) complexes in patients with a QRS complex duration ≥120 msec: (a) RSR' with equal or more than 2 R′; (b) equal or more than two notches in R wave; and, (c) notch in upstroke of S wave TA B L E 1 CMR and ECG finding 
| RE SULTS
| Population
One hundred and forty-four subjects were included in this study.
The average age of patients was 66.0 ± 15.8 years, and 87 (60.4%)
were male. 109.6 ± 42.4 g, p < 0.001).
| Deep negative T-wave inversion and apical hypertrophic cardiomyopathy
The amplitude of deep negative TWI was within the range of 1.00-2.18 mV (mean 1.39 ± 0.34). Twenty-nine (20.1%) subjects had deep TWI. A comparison of baseline characteristics between patients with and without deep TWI revealed significantly more male patients in the deep TWI group than in the no deep TWI group (79.3% vs.
55.7%; p = 0.020) ( Figure 4 demonstrates a case of apical HCM with deep TWI. 
| Fragmented QRS complex and cardiac fibrosis
Forty-seven (32.64%) subjects had fQRS complex, and myocardial fibrosis was detected in 101 (70.14%). Patient characteristics were similar between groups (all p > 0.05) ( Table 2) . fQRS complex was found to be associated with myocardial fibrosis in univariate analysis (OR: 2.752, 95% CI: 1.157-6.544; p = 0.019). fQRS could detect myocardial fibrosis with a sensitivity of 38.6%, a specificity of 81.4%, a PPV of 83.6%, and, an NPV of 36.1%. However, fQRS complex failed to achieve statistical significance in multivariate analysis (Table 4 ). 
| D ISCUSS I ON
The results of this study revealed deep TWI to be independently associated with apical HCM. In contrast, fQRS was found to be associated with myocardial fibrosis in univariate analysis, but that association did not remain significant in multivariate analysis. Sakamoto, Tei, Murayama, Ichiyasu, and Hada (1976 initially described the association between deep TWI and apical HCM.
| Deep negative T-wave inversion and apical hypertrophic cardiomyopathy
They reported that three of nine cases with deep TWI had apical HCM. A study of this association by Yamaguchi et al. (1979) in Western population found that 47% of patients with deep TWI had apical HCM, while only 15% of patients without deep TWI had apical HCM.
A study by Flett et al. (2015) reported that 22 of 48 (45.83%)
HCM patients had apical HCM, and that 16 (73%) of those 22 patients had deep TWI. In the present study, 76 (52.78%) subjects had apical HCM, but only 24 (31.58%) of those had deep TWI. Even though our prevalence was lower than that observed in the Western population, the association still remained significant. This indicates a strong association between deep TWI and apical HCM. LVEF was not significantly different between groups with and without apical HCM. The test sensitivity was relatively low (31.16%), but the specificity was high (92.6%). This finding suggests that the investigator should pay closer attention to the apical part if deep TWI presents on the patient's ECG.
| Fragmented QRS complex and cardiac fibrosis
Fragmented QRS complex was found to be significantly associated with myocardial fibrosis in univariate analysis, but that significant association did not hold up in multivariate analysis. This finding indicates that fQRS could indicate the presence of myocardial fibrosis, but dilution by other factors or a lack of statistical power caused by the small size of our study population could have rendered fQRS nonsignificant in multivariate analysis.
In the Konno et al. (2015) study, fQRS complex was most sensitive for detecting inferior segment fibrosis (sensitivity 51%), but it was not sensitive for detecting myocardial fibrosis in other segments (sensitivity for detecting anterior segment myocardial fibrosis: 38%; sensitivity for detecting lateral segment myocardial fibrosis: 30%). In our study, most patients had anterior segment fibrosis (55 subjects, 38.20%), compare to lateral segment fibrosis (26 subjects, 18.06%) and inferior segment fibrosis (29 subjects, 20.1%). This may explain the weaker association between fQRS complex and myocardial fibrosis in our study. were also significantly associated with higher rate of myocardial fibrosis.
The sensitivity of fQRS complex for detecting myocardial fibrosis was found to be modest (38.6%), but the specificity was relatively high (81.4%). Thus, more careful interpretation of CMR should be combined with increased suspicion of the presence of myocardial fibrosis if fQRS complex is presented on 12-lead ECG.
| Limitations
This study has some mentionable limitations. First, this was a retrospective study with a study population that was recruited from a single center. Second, the size of our study population was relatively small, which means that this study may have lacked the statistical power necessary to identify all significant differences and associations. Third, some ECG tracings had a shifting isoelectric line, which may have adversely affected our ability to identify deep TWI since we F I G U R E 5 (a-d): Cardiac magnetic resonance (CMR) of hypertrophic cardiomyopathy (HCM) shows interventricular thickening in cine images in four-chamber (a) and long-axis (b) views, and myocardial fibrosis from late gadolinium enhancement (LGE) images in four-chamber (c) and long-axis (d) views. (e,f): Electrocardiogram (ECG) shows fragmented QRS (fQRS) complex in leads II (e) and V 6 (f) in HCM with myocardial fibrosis used the isoelectric line as a reference line. Fourth, fQRS complex and myocardial fibrosis may be caused by etiologies other than HCM, such as coronary artery disease and other cardiomyopathies. Although the imaging patterns of myocardial fibrosis may be different among different etiologies, it may be difficult in some cases to determine which etiology is responsible for the observed myocardial fibrosis.
| CON CLUS ION
Deep TWI is independently associated with apical HCM, but the relationship between fQRS complex and myocardial fibrosis, which was significant in univariate analysis, did not remain significant in multivariate analysis. These findings will enhance the ability of clinicians to diagnose and treat HCM in low resource settings that do not have access to more sophisticated diagnostic methods.
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